African swine fever virus (ASFV) is a large DNA virus that assembles in perinuclear viral factories located close to the microtubule organizing center. In this study, we have investigated the mechanism by which ASFV reaches the cell surface from the site of assembly. Immunofluorescence microscopy revealed that at 16 h postinfection, mature virions were aligned along microtubules. Furthermore, virus movement to the cell periphery was inhibited when microtubules were depolymerized by nocodazole. In addition, ASFV infection resulted in the increased acetylation of microtubules as well as their protection against depolymerization by nocodazole. Immunofluorescence microscopy showed that conventional kinesin was recruited to virus factories and to a large fraction of virus particles in the cytoplasm. Consistent with a role for conventional kinesin during ASFV egress to the cell periphery, overexpression of the cargo-binding domain of the kinesin light chain severely inhibited the movement of particles to the plasma membrane. Based on our observations, we propose that ASFV is recognized as cargo by conventional kinesin and uses this plus-end microtubule motor to move from perinuclear assembly sites to the plasma membrane.
Viral replication and assembly often take place in specialized structures located in the nucleus or in the perinuclear cytoplasm. These specialized sites, called viral inclusions or virus factories, provide a focal point for the replication of virus genomes and the recruitment of structural proteins. Recent work has focused on understanding how viruses travel to, and from, these specialized sites during their infectious cycle. One common viral strategy uses microtubules for directed longrange transport of virus components inside cells (44, 52, 54) . Directional movement along microtubules is mediated by motor proteins which hydrolyze ATP to induce the conformational changes necessary to move cargoes along microtubules (30, 62) .
Movement of cellular materials towards the microtubule organizing center (MTOC) (retrograde transport) usually requires the minus-end directed microtubule motor dynein (62) . The transport of cargoes by dynein requires association with dynactin, a heterooligomeric complex of at least nine different polypeptides. This has been demonstrated experimentally by the overexpression of the p50-dynamitin subunit of the dynactin complex, which dissociates the dynactin complex and severely affects vesicular trafficking and organelle distribution (10) . Importantly, retrograde transport of several unrelated viruses, such as herpes simplex virus type 1 (HSV-1), adenovirus, vaccinia virus (VV), parvovirus, and human immunodeficiency virus type 1 is inhibited when the dynactin complex is dissociated, suggesting that dynein is required for inward transport of these viruses (18, 38, 43, 57, 59) .
The movement along microtubules, from the MTOC towards the plasma membrane (anterograde transport), involves the kinesin family of motor proteins (62) . Conventional kinesin is a heterotetramer consisting of two heavy and two light chains (63) . The N terminus of each heavy chain contains a motor domain that binds microtubules. The N-terminal domain of the light chain binds the heavy chain, and the C-terminal domain consists of six tetratricopeptide (TPR) motifs that can mediate interaction with cellular cargoes (23, 62) . Interestingly, recent reports have revealed a link between conventional kinesin and the movement of HSV-1 and VV in cells. During the vaccinia life cycle, the intracellular mature virus (IMV) form leaves the virus factory and travels to the Golgi, where it is wrapped by the trans-Golgi network (TGN) (55) . The movement of the IMV from the factory to the TGN requires microtubules (51) , but the nature of the motor involved in this traffic is unknown. After envelopment by the TGN, the intracellular enveloped virus (IEV) recruits conventional kinesin and moves in a microtubule-dependent fashion to the plasma membrane (28, 45, 67 ). An involvement of conventional kinesin in HSV-1 anterograde transport is consistent with both the speed and type of movement exhibited by virus particles in the axon (53) . In fact, conventional kinesin is recruited to the surface of unenveloped HSV-1 in human fetal axons, where it may bind tegument protein US11 (17) . The precise site where HSV-1 becomes recognized as a cargo for kinesin motors has not, however, been resolved.
African swine fever virus (ASFV) is a very large enveloped DNA virus and has been described as the missing evolutionary link between the Poxviridae and the Iridoviridae (50) . In common with poxviruses and iridoviruses, ASFV is assembled in virus factories located close to the MTOC (26, 39, 43) . Assembly is initiated by the recruitment of structural proteins from the cytosol into the factory where they bind membrane structures thought to be derived from the endoplasmic reticulum (ER) (4, 14, 15, 27, 49) . The progressive assembly of capsid and matrix proteins on the cytoplasmic face of these membranes leads to the production of fully assembled icosahedral particles that appear as 200-nm hexagons in cross-sections taken through virus assembly sites (49) . Following assembly, mature ASFV particles leave the factory, move through the cytoplasm, and are eventually released from the cell by budding through the plasma membrane (6) . Early studies have shown that ASFV particles associate with microtubules in vitro (16) , and recent works suggest that retrograde dynein-dependent microtubule transport is required for the inward movement of the virus (3, 26) . Given the observations on VV and HSV-1 anterograde transport, we examined the role of microtubules and conventional kinesin in the movement of ASFV from sites of assembly to the plasma membrane. We found that mature ASFV particles align along microtubules and that their movement to the cell periphery is dependent on microtubules. Conventional kinesin was found to be recruited to both viral factories and virions. Consistent with a role for conventional kinesin during ASFV egress to the cell periphery, overexpression of the cargo-binding domain of the kinesin light chain severely inhibited the movement of particles to the plasma membrane.
MATERIALS AND METHODS
Cell culture, virus, and drug treatments. Vero cells (ECACC 84113001) were obtained from the European Collection of Animal Cell Cultures (Porton Down, United Kingdom). Cells were grown at 37°C in HEPES-Dulbecco's modified Eagle medium supplemented with 10% fetal calf serum and infected with the tissue culture-adapted Ba71v strain of ASFV (12) . The Ba71v stock used in this study had a titer of 1.4 ϫ 10 7 PFU/ml. Infections were allowed to progress for the indicated time. Nocodazole and paclitaxel (Sigma-Aldrich, St. Louis, Mo.) were dissolved in dimethyl sulfoxide (DMSO) and used at a concentration of 10 g/ml and 10 M, respectively. Cytosine ␣-D-arabinofuranoside (Ara-C) (Sigma) was used at a concentration of 50 g/ml at 2 h postinfection, a time calculated to allow viral attachment and entry.
Antibodies. Antibody 4H3, specific for the major capsid protein p73 of ASFV, has been previously described (14) . SB11 was obtained from rabbits immunized with the synthetic peptide NSPIQYLKEDSRDRTSIGSLEYDE, which corresponds to amino acids 5 to 27 of the viral protein pE120R. The specificity of SB11 was characterized by immunoprecipitation, Western blotting, and immunofluorescence analysis on ASFV-infected Vero cells (data not shown). The antipE120R serum was used at a dilution of 1:500 for immunofluorescence. The anti-pJ13L rabbit antiserum has been previously described (58) and was used at a dilution of 1:500. C18, the mouse monoclonal antibody specific for the ASFV early protein p30 has been described previously (1) . Antibody 63-90, directed against the light chain of kinesin, was provided by Scott Brady (University of Texas, Dallas) (56) . Monoclonal antibodies against ␣-tubulin and acetylated-␣-tubulin (Sigma) were used at dilutions of 1:2,000 and 1:200, respectively. Goat anti-mouse and anti-rabbit Alexa Fluor 488 (green) and Alexa Fluor 594 and 568 (red) conjugates were used at 1:500 (Molecular Probes, Leiden, The Netherlands). Goat anti-rabbit and anti-mouse horseradish peroxidase conjugates were purchased from Promega, Southhampton, United Kingdom. pEL expression clones. The pEL-GFP-TPR construct has been previously described (45) . pET-21a-5AR was provided by Manuel Borca (Plum Island Animal Disease Center, New York, N.Y.) (8) and was used as a template to amplify the 5AR open reading frame by using the primers 5Ј-GGGGCGGCCG CTCGACAAAAAAAAAG-3Ј and 5Ј-TTTGAATTCTTAATTTAACATATC-3Ј. The resulting PCR products were cloned into the NotI-EcoRI sites of the expression vector pEL-GFP (20) to generate 5AR tagged at the N terminus with green fluorescent protein (GFP-5AR). The fidelity of the clone was confirmed by sequencing.
Transfection, pEL driven expression, and fluorescence microscopy. Vero cells were grown to 70% confluency and were transiently transfected by using a liposomal Transfast transfection system (Promega). For pEL-driven expression, cells were transfected 2 h prior to infection. Cells were either fixed in 4% paraformaldehyde or in 4% paraformaldehyde-PHEM (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 1 mM MgCl 2, pH 7.4) for 10 min and then permeabilized in 0.1% Triton X-100 for 15 min. Samples were blocked in 0.5% bovine serum albumin-phosphate-buffered saline for 30 min and incubated with the first antibody in the same solution for 1 h. Cells were incubated with the Alexa Fluor 488-or 594-conjugated secondary antibody for 60 min before being stained for 5 min with 1:20,000 4Ј-6-diamidino-2-phenylindole (DAPI) (Sigma). Preparations were viewed either with a Leica SP2 confocal microscope or with a Nikon E800 microscope connected to a Hamamatsu C-4746A CCD camera. Images were processed by using the Improvision Openlab 2.1.3 software (Improvision, Coventry, United Kingdom).
Immunoprecipitation and Western blot analyses. Infected cells were labeled with [ 35 S]methionine-cysteine Promix (Amersham, Little Chalfont, United Kingdom), and proteins were immunoprecipitated as described previously (15) . Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto Protan BA85 nitrocellulose membranes (Schleicher and Schuell, Dassel, Germany) as described previously (49) . Protein extracts were quantified with the BCA kit (Pierce Chemical Co., Rockford, Ill.), and samples were equally loaded.
Preparation of electron microscopy (EM) samples. Vero cells were plated onto Thermanox coverslips and infected with ASFV for the indicated time. They were fixed in situ in 2% glutaraldehyde in 0.05 M phosphate buffer (pH 7.2 to 7.4, osmotic pressure adjusted to 350 mosmol with sucrose) for a minimum of 2 h. Samples were post-fixed in 1% osmium tetroxide in phosphate buffer for a minimum of 4 h, dehydrated through a graded series of ethanols, and embedded in agar 100 resin (Agar Scientific, Stanstead, United Kingdom). After overnight polymerization at 60°C, the coverslips were peeled from the resin block leaving the cells embedded in the resin. Sections were cut parallel to the coverslip surface on a Diatome diamond knife (Leica Microsysytems, London, United Kingdom) and contrasted with uranyl acetate and lead citrate with an EMStain (Leica). They were imaged in an FEI Tecnai 12 at 100 kV.
RESULTS
ASFV spread to the cell surface requires microtubules. To examine the relationship between ASFV and microtubules, we performed immunofluorescence analysis of infected cells at 16 h postinfection (hpi) by using antibodies against the late viral protein pE120R and ␣-tubulin (Fig. 1 ). Viral factories were located by extranuclear DAPI staining of viral DNA. Viral particles were concentrated in viral factories but also observed throughout the cytoplasm (Fig. 1A ). Higher magnification analyses revealed a colocalization of cytoplasmic particles with microtubules ( Fig. 1C and D) .
To ensure that the pE120R antibody was recognizing newly synthesized viruses, rather than viruses entering cells, immunofluorescence analyses of infected cells were performed at different times postinfection, as well as in the presence of Ara-C, a drug that inhibits late gene expression (Fig. 2 ). Cells at early stages of infection were identified by positive staining for the nonstructural ASFV protein p30, which is expressed as early as 2 hpi (1). At 4 and 8 hpi, cells positive for p30 were pE120R negative (Fig. 2) , showing that viruses entering the cell to initiate the infection are present at very low levels, or that disassembly following entry results in the loss of immunostaining of the virus by antibodies recognizing pE120R. The lack of immunostaining for pE120R observed in the presence of Ara-C confirmed that incoming viruses were not detected by the pE120R antibody. Similar results were obtained with antibody directed against the p73 capsid protein (data not shown).
In a typical experiment, more than 80% of newly assembled viruses (n ϭ 358) were associated with a microtubule (Fig. 1) . The remaining cytoplasmic particles were in the peripheral regions of the cytoplasm, very close to the cell surface ( Fig. 1A and B, arrows). Interestingly, the tubulin signal was excluded from the core of the replication site, but some microtubule filaments were clearly in contact with the edge of the factory (Fig. 1B) . To determine whether microtubules were required for movement of ASFV into the cytoplasm, infected cells were incubated with the microtubule-destabilizing agent nocodazole or the microtubule-stabilizing drug paclitaxel. The drugs were added at 12 hpi, a time when newly assembled virions start to leave the viral factory (Fig. 2 ). Cells were fixed at 16 h and analyzed by immunofluorescence (Fig. 3A) . Over 200 infected cells were examined, and viral dispersion was quantified by counting individual mature particles located outside the factory. The depolymerization of microtubules at 12 hpi resulted in approximately 88% inhibition of ASFV dispersion from the assembly sites (Fig. 3B ), indicating that an intact microtubule network was required for ASFV movement from the factory to the plasma membrane. In contrast, when microtubules were stabilized with paclitaxel, there was no effect on viral transport (Fig. 3B ), suggesting that movement of ASFV from the factories does not require dynamic microtubules.
Addition of nocodazole at 12 hpi does not affect ASFV replication or assembly. It was important to establish that the depolymerization of microtubules by the addition of nocodazole at 12 hpi was affecting the movement of mature virus from assembly sites to the plasma membrane rather than blocking the supply of viral proteins important for virus replication and/or assembly. The experiment above was repeated, and the effects of nocodazole on the synthesis of two late viral proteins that are recruited into virus factories were tested. The expression of the main ASFV capsid protein, p73, was assessed by immunoprecipitation from lysates taken from cells pulse-labeled with [ 35 S]methionine and cysteine 30 min after incubation with the drugs for 3.5 h (Fig. 4A, top panel) . The level of expression of pJ13L, a late membrane protein (46) , was examined by Western blotting (Fig. 4A, bottom panel) . The results show that nocodazole did not affect the expression of these two late proteins.
EM was used to further examine the effects of nocodazole on viral morphology. Figure 4B compares the virus factories in control cells with those incubated with nocodazole. The morphology of ASFV particles, which appear as hexagons in crosssection, was unaffected by nocodazole (Fig. 4B , panels i and ii). Fully assembled particles appeared as electron-dense hexagons on the images (Fig. 4B, arrows) . Interestingly, factories formed in the presence of nocodazole contained greater numbers than control cells of these mature virions (Fig. 4B , panels iii and iv). Taken together, the results suggest that ASFV replicates and assembles normally when nocodazole is added at 12 hpi. However, addition of the drug at 12 hpi prevents the spreading of ASFV particles from the factories to the plasma membrane.
ASFV infection increases the stability of microtubules. Close inspection of infected cells incubated with nocodazole
The anti-pE120R antibody recognizes newly assembled virions. Vero cells were infected with the Ba71v strain of ASFV, fixed at the indicated time, and processed for immunofluorescence. Samples were incubated with a rabbit antiserum raised against the late ASFV structural protein pE120R (top panels) and a mouse antibody against the early viral protein p30 (middle panels). Viral DNA and cellular DNA were labeled with DAPI (bottom panels). The ASFV structural protein pE120R is not detected until 12 hpi or not at all in the presence of Ara-C, an inhibitor of late gene expression. Scale bar, 20 m.
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ASFV ANTEROGRADE TRANSPORT 7993 identified a subpopulation of microtubules that were protected from depolymerization by the drug (Fig. 5, arrow) . These appeared as bright fluorescent tracks within a strong diffuse fluorescence signal provided by depolymerized tubulin. The numbers of microtubules stabilized by the infection varied from cell to cell; however, in cells negative for viral antigen, microtubules were totally depolymerized (Fig. 5, star) . Figure 5 compares the distribution of ASFV particles in cells with low or high numbers of stabilized microtubules. Interestingly, there was a positive correlation between the number of stabilized microtubules and the number of viral particles in the cytoplasm of nocodazole-treated cells (compare top and bottom panels). The analysis was repeated by using an antibody against acetylated tubulin. Although the role of acetylated tubulin is not clear, it is known to correspond to stable but not dynamic microtubules (42, 48) . The level of acetylated tubulin was clearly higher in pE120R-positive cells (Fig. 6A , arrow) than in pE120R-negative ones (Fig. 6A, stars) . Acetylated tubulin appeared to be concentrated around the virus factory (Fig. 6A) . The acetylation of tubulin was also analyzed by Western blotting of total cell lysates collected at different times postinfection. The level of acetylated tubulin increased at around 12 hpi (Fig. 6B, top panel) , a time that correlated with the start of ASFV movement from the virus factory (see Fig. 2 ). The Western blots also showed that the overall level of ␣-tubulin stayed constant following infection (Fig. 6B, bottom panel) . The results reflected the increased acetylation of tubulin rather than an increase in the synthesis of tubulin in the infected cells. Importantly, immunofluorescence preparations viewed at higher magnification showed that many viral particles were associated with acetylated microtubules (Fig. 6C) , suggesting a link between acetylation, stabilization, and virus movement into the cytoplasm. Conventional kinesin light chain is recruited into factories. To address the possibility that conventional kinesin was involved in ASFV anterograde transport, infected cells were analyzed by immunofluorescence at 16 hpi by using an antibody specific for the N-terminal domain of conventional kinesin light chain (56) . In noninfected cells, the kinesin light-chain antibody produced dot-like staining throughout the cytoplasm. A concentration of kinesin was noticeable at the cell periphery but not around the nucleus (Fig. 7A) . In infected cells, the kinesin antibody revealed an intense staining of perinuclear viral factories containing viruses stained with the antibody recognizing pE120R (Fig. 7B) . The presence of large numbers of small vesicular structures staining strongly with kinesin throughout the cytoplasm makes colocalization studies difficult. However, the majority of virions located outside the factory appeared yellow when merged with the kinesin signal, suggesting colocalization of kinesin with a large portion of virus particles (Fig. 7B, merge panels) . mediate cargo interactions (62) . GFP-TPR fusion polypeptides can be used to identify cellular components that are recognized as cargo by kinesin light chain. This method has been used successfully to demonstrate that VV particles recruit conventional kinesin light chain via the TPR domain (45) . The same pEL-GFP-TPR probe was expressed in ASFV-infected cells, and the distribution of the GFP signal was analyzed by immunofluorescence at 12 and 16 hpi. Figure 8 shows that the VV EL promoter was recognized by ASFV transcriptional machinery, allowing the GFP-TPR protein to be expressed in infected cells. The top panels of Fig. 8A show two infected cells viewed at 12 hpi. One cell was positive for the late viral antigen p73 (star), and the other cell was negative for p73 (arrow) but nonetheless infected because it expressed the GFP-TPR, suggesting an earlier stage of infection. Significantly, at this early stage, the GFP-TPR signal was distributed throughout the cytoplasm (arrow); in contrast, in the cell expressing p73, the GFP probe was concentrated in the ASFV factory (star). These results demonstrate active recruitment of the GFP-TPR protein to virus assembly sites and confirm the data obtained with the 63-90 antibody (Fig. 7) . At 16 hpi, when mature viral particles could be visualized in the cytoplasm, GFP-TPR was still concentrated in the factory but also labeled 100% of cytoplasmic particles (n ϭ 231) (Fig. 8A, bottom panels) . ASFV factories contain viruses at various stages of assembly interwoven within a matrix of membranous material derived from the ER (4, 49). To determine which of these structures was labeled by the TPR-probe, the location of the TPR-GFP signal within the virus factory was studied in more detail at 12 hpi. The membranes within the factory were labeled by using antibodies recognizing virally encoded membrane protein pJ13L (46) , while virions were labeled with antibodies specific for the major capsid protein p73. The panels in Fig. 8B show that the GFP-TPR signal colocalized with p73 but not with pJ13L, demonstrating that the mature virions, and not the underlying membranous structures, are responsible for recruiting the TPR domain of kinesin light chain.
Anterograde transport of ASFV is dependent on conventional kinesin. During our experiments, we noticed that viral dispersion was impeded in cells expressing high levels of GPP-TPR. The GFP-TPR probe acts as a dominant-negative protein by replacing the N-terminal domain of kinesin light chain, which would normally interact with the kinesin heavy chain, with GFP. The resulting protein can bind cargo via the TPR domain but cannot recruit the heavy chain for transport on microtubules. High levels of TPR-GFP expression would be expected to saturate the binding sites for the endogenous conventional kinesin and, thus, inhibit ASFV transport. To test 
ASFV ANTEROGRADE TRANSPORT 7995 this hypothesis, ASFV dispersion was quantified by counting individual particles located outside the factory in cells expressing high levels of GFP-TPR. The top panels of Fig. 9A compare the distribution of ASFV particles in a cell expressing high levels of the GFP-TPR protein with two neighboring cells negative for GFP-TPR signal. Far fewer viral particles were seen in the cytoplasm of the cell expressing GFP-TPR compared to the two infected but nontransfected cells. The lower panels show a control experiment where a GFP-tagged viral DNA-binding-protein, GFP-5AR, was expressed at similar levels in infected cells. The GFP-5AR protein located to virus factories but did not prevent the dispersion of ASFV particles in the cytoplasm. An analysis of virus distribution is presented graphically in panel B of Fig. 9 . High-level expression of TPR-GFP resulted in approximately 97% inhibition of ASFV transport to the plasma membrane. In contrast, high-level expression of GFP-5AR has no effect on viral transport. These data demonstrate that the movement of newly assembled ASFV particles from the factory to the cell surface is dependent on conventional kinesin.
DISCUSSION
This study provides evidence that ASFV anterograde transport requires microtubules and, importantly, implicates conventional kinesin as the motor responsible. Immunofluorescence analyses show that newly assembled viruses were closely aligned with microtubules ( Fig. 1) and that ASFV movement from the sites of assembly to the plasma membrane was markedly inhibited when microtubules were depolymerized by nocodazole (Fig. 3) . The alignment of ASFV with microtubules in cells is consistent with previous work showing the binding of ASFV with microtubules in vitro (16) . Previous studies have also implicated a role for microtubules during virus exit by FIG. 5 . Microtubules are stabilized in cells infected with ASFV. Vero cells were infected with ASFV, and nocodazole was added at 12 hpi. Cells were incubated for a further 4 h prior to fixation and immunofluorescence microscopy analysis. Infected cells were identified by using a rabbit antiserum raised against the late ASFV structural protein pE120R, and a mouse antibody against ␣-tubulin was used to label microtubules. The star indicates a pE120R-negative cell, while the arrow indicates stabilized microtubules in a pE120R-positive cell. showing that the depolymerization of microtubules early during infection reduces yields of ASFV (13) . The early depolymerization of microtubules, however, slows the formation of virus assembly sites and inhibits virus replication (3, 13, 26) . It is possible that the reduced virus yield observed in these earlier studies results from a reduced production of viruses in cells rather than from a requirement for intact microtubules during virus egress. In this present study, nocodazole was added 12 h after infection, allowing late gene expression and virus assembly to occur before depolymerization of the microtubules (Fig.  4) . Incubation with nocodazole for a further 4 h did not affect the synthesis of two late structural proteins or the morphology of viruses in virus assembly sites (Fig. 4) . The major effect of nocodazole was to markedly reduce the number of mature viruses en route to the plasma membrane and to increase their number in assembly sites ( Fig. 3 and 4) . The results suggest that once viruses are assembled, they need intact microtubules to leave the virus factory. Interestingly, nocodazole does not block all ASFV movement, suggesting that the dependence on microtubules is not absolute (Fig. 3B) . The same observation holds for the retrograde transport of adeno-associated virus, HSV-1, retroviruses (52), and polyomavirus (22) . The actin cytoskeleton might be considered as an alternative pathway for viral retrograde transport, and it appears to be used as such by a baculovirus (34) . However, for adenovirus the movement seen in nocodazoletreated cells is not the result of actin-based transport because the simultaneous treatment of cells with nocodazole and an actin-disruptive agent does not block viral transport (24) . One attractive explanation to account for nocodozole-independent movement of ASFV particles is our observation that ASFV infection induces the stabilization of some microtubules against exposure to nocodazole (Fig. 5) . These hyperacetylated microtubules, which are associated with viral particles (Fig. 6) , may explain how 12% of viral particles reached the cell periphery in the presence of nocodazole (Fig. 3) .
ASFV is not the only virus to stabilize the microtubule network. The reovirus 2 protein induces changes in microtubule organization similar to those seen in cells overexpressing microtubule-associated-proteins (41) . The Vp22 tegument protein of HSV-1 colocalizes with microtubules in infected cells and stabilizes them against exposure to nocodazole when expressed alone (19) . VV infection also stabilizes the microtubule network, and viral particles associate with a subpopulation of acetylated microtubules (43) . Taken together, these studies suggest that microtubule stabilization during viral infection may be important for the movement of viruses, or virus-induced structures, in cells. In vitro studies have shown that conventional kinesin binds with higher affinity to polyglutamylated and detyrosinated tubulin (32, 35, 36) . If this were also true for acetylated tubulin, then ASFV would not only stabilize the microtubules but also enhance the binding of kinesin; both would facilitate transport of the virus from factories to the cell surface.
Immunostaining showed that kinesin light chain was associated with virus particles at the site of assembly in perinuclear factories and with a large portion of particles in the cytosol (Fig. 7) . However, the presence of many viral particles and small vesicular structures stained with the kinesin antibody throughout the cytoplasm makes colocalization studies difficult (Fig. 7B) . A number of virions lacked kinesin staining, particularly those outside the cell or near the cell surface. It is possible that kinesin dissociates from particles at some point after they leave the virus factory. The lack of complete colocalization between kinesin light chain and virions could also be (B) The same experiment was repeated, and samples were viewed at higher magnification at 12 hpi by using an antibody against pJ13L (bottom panels) to locate membranes in virus factories and an antibody specific for p73 (top panels) to identify virus particles. Scale bar, 4 m.
explained if the association of ASFV with the kinesin lightchain complex partially masks the epitope recognized by the kinesin antibody. In fact, the 63-90 antibody recognizes the C-terminal domain of kinesin light chain, which binds the heavy chain (21, 56, 65) . Significantly, 100% of virions located outside assembly sites bound to the GFP-TPR protein, showing that ASFV was recognized as cargo by the TPR domain of kinesin light chain (Fig. 8A ). This suggests that the incomplete colocalization between cytoplasmic ASFV and kinesin observed with the 63-90 antibodies is likely due to epitope masking by the ASFV-kinesin light-chain complex. Convincing evidence for use of kinesin by ASFV to leave factories came from the observation that high-level expression of the GFP-TPR protein, which binds cargo but cannot associate with microtubules, prevented ASFV anterograde transport (Fig. 9 ). To our knowledge this is the first evidence for the recruitment of a member of the kinesin family into a virus assembly site and subsequent use of the motor to move the virus from assembly sites to the plasma membrane.
Kinesin powers the anterograde transport of a variety of membranous and nonmembranous cellular cargoes such as mitochondria, lysosomes, ER, mRNA, and intermediate filaments (62) . The disruption of conventional kinesin activity by the microinjection of antibodies specific for the light chain results in the clustering of the intermediate filament protein vimentin and mitochondria near the MTOC (25, 56, 60) . Inhibition of kinesin also alters the integrity of the Golgi apparatus (2) . Significantly, ASFV infection produces a strikingly similar phenotype characterized by the clustering of mitochondria and vimentin at the MTOC and by Golgi network redistribution (26, 37, 47) . It is possible that these changes in cellular architecture caused by ASFV may be bystander effects resulting from the recruitment of kinesin into virus assembly sites where it is no longer available for the transport of these cellular cargoes.
Early during ASFV infection, the GFP-TPR signal was distributed throughout the cytoplasm but was recruited into the factory when the capsid protein p73 was expressed (Fig. 8A ). These observations suggest that a late signal is required for the recruitment of kinesin to viral assembly sites. The addition of nocodazole at 12 hpi greatly increased the numbers of fully assembled ASFV particles in factories 4 h later (Fig. 4B) , suggesting that fully assembled viruses were preferentially recognized by kinesin for exit along microtubules. Relatively little is known about how conventional kinesin recognizes cellular cargoes and how these interactions are regulated (30) . ASFV is recognized as a cargo by the TPR domains of kinesin light chain and in this way resembles cellular cargoes such as vaccinia IEV (45) , the amyloid precursor protein (29) , the Jun-N-terminal kinase-interacting proteins (66) , and their Drosophila homologue, Sunday driver (9) . Both the Jun-N-terminal kinase-interacting proteins (9, 11, 66) and amyloid precursor protein (29) have been proposed to mediate kinesin-dependent transport via the TPR domain of the light chain in axons. Even though their role in nonneuronal cells needs to be established, it would be interesting to see if these proteins are recruited into ASFV assembly sites. The integral ER membrane protein kinectin is also a cellular receptor for kinesin (33) . Kinectin would be a good candidate to mediate the interaction between ASFV and kinesin since ASFV particles are wrapped by ER membranes (4, 14, 15, 49) . However, kinectin interacts with the kinesin heavy chain (40), which is not consistent with our observations that ASFV recruits the motor via the TPR domain of the light chain (Fig. 8) . It is therefore unlikely at this point that the interaction of ASFV with kinesin is mediated by kinectin. A direct interaction between ASFV structural proteins and kinesin light chain is also possible. One candidate is the late viral protein pE120R which plays an important role in ASFV anterograde transport (5). This protein is recruited into factories, where it binds to the outer surface of virions, a position where it would have access to kinesin light chain. Most significantly, virus movement from factories is blocked if the E120R gene is disrupted, suggesting that pE120R could play a regulatory role in ASFV transport. Such a regulatory signal would be essential to prevent the exit of assembly intermediates from the factories and in this way ensure that these intermediates do not move away from the supply of structural components before assembly is completed. How do these results for ASFV relate to the use of kinesin by other viruses? Conventional kinesin is involved in the movement of VV, but unlike ASFV, VV factories are not detected by immunostaining for kinesin and do not recruit TRP-GFP protein (45) . The results suggest that conventional kinesin is not recruited into vaccinia factories and that IMVs present in factories are not recognized as cargo by kinesin light chain. Interestingly, movement of the IMV from the factory to the TGN is dependent on microtubules (51) and may, therefore, involve other members of the kinesin family. Recruitment of conventional kinesin by VV has, however, been shown to occur after envelopment by the TGN, where recruitment of kinesin allows the transport of IEV particles to the plasma membrane (45) . The mechanism by which IEV recruits conventional kinesin remains to be established but appears to involve at least two viral proteins, A36R and F12L (45, 64) . The movement of both IEV and ASFV to the plasma membrane is inhibited when the TPR domain of kinesin light chain is overexpressed, suggesting that conventional kinesin is the only motor involved in the anterograde transport of these virions (45) (Fig. 9) . The bidirectional movement of HSV-1 observed in neurons makes it highly likely that both plus-and minus-end microtubule motors are used by viral particles (53) . Indeed, immunoelectron microscopy studies have shown conventional kinesin on the surface of unenveloped HSV-1 in human fetal axons (17) . In contrast to IEV and ASFV, it remains to be established whether conventional kinesin is the only motor responsible for HSV anterograde transport or whether multiple kinesin motors are involved. In fact, in vitro binding assays have shown that the HSV-1 tegument protein US11 can associate with the conventional kinesin heavy chain as well as with the kinesin light-chain-related protein PAT1 (7, 17) . Kinesin may also be important for the transport of retroviral components since the C terminus of KIF-4, a member of the kinesin family, has been found to interact with retroviral Gag proteins in yeast twohybrid screens (31, 61) . Therefore, kinesin motors are emerging as common transporters for viruses to reach their site of budding during egress.
